In order to generate a functional gonad, the migrating of zygotically active patterning genes. Combinatorial germ cells need to be guided away from the posterior regulatory interactions between segmentation genes midgut toward the SGPs. After migration, the germ cells coupled with inductive signals from the dorsal ectoderm must be able to recognize the SGPs, and form a stable association. The process of migration is thought to involve repulsive and attractive cues that guide the migrat-
pole. The pole cells remain segregated from the soma a few nuclei migrate from the center of the embryo into after cellularization and through much of gastrulation. the pole plasm (Zalokar and Erk, 1976) . Though the pole During the initial phase of gastrulation, they are carried cells continue to divide after they are formed, their rate anteriorly along the dorsal surface of the embryo and of mitosis is much slower than the surrounding somatic then internalized into the center of the embryo with the nuclei, and they stop dividing altogether by the cellular posterior midgut invagination. Subsequently, the germ blastoderm stage. Pole cells also differ from the soma cells traverse the posterior midgut endoderm, migrating in that they turn off transcription and remain transcripdorsally to the overlaying mesoderm. After reaching the tionally quiescent until stage 9-10 of embryogenesis mesoderm, the germ cells split into two clusters, which (Kobayashi et al., 1996; Seydoux and Strome, 1999). migrate laterally until they establish contacts with the While zygotic transcription is not required for pole somatic gonadal precursor cells (SGPs) (Warrior, 1994; cell formation, the specification of the somatic gonadal Jaglarz and Howard, 1995; Moore et al.
, 1998b). precursor cells (SGP) depends upon a complex interplay
In order to generate a functional gonad, the migrating of zygotically active patterning genes. Combinatorial germ cells need to be guided away from the posterior regulatory interactions between segmentation genes midgut toward the SGPs. After migration, the germ cells coupled with inductive signals from the dorsal ectoderm must be able to recognize the SGPs, and form a stable association. The process of migration is thought to involve repulsive and attractive cues that guide the migrat-ing germ cells away from the posterior midgut toward the SGPs (Howard, 1998). However, little is known about the nature of the cues or how they function to direct the migration of the germ cells. Similarly, the mechanisms involved in initiating and sustaining interactions between the germ cells and the SGPs are not understood. We wondered if the genes involved in the specification of the somatic gonadal precursor cells might be involved in generating guidance cues for germ cells or facilitating contacts between germ cells and SGPs. Among the several genes that are critical for the specification and differentiation of SGPs, we have focused our attention on hedgehog (Hh) because it is expressed in SGP precursor cells (see below) and can function as a short and long range signaling molecule (Alcedo and Noll, 1997; Ingham, 1998; Johnson and Scott, 1998; Chuang and Kornberg, 2000; Kalderon, 2000) . We show here that an Hhdependent signal exerts an attractive influence on germ cells, directing their migration toward the source of Hh protein. Supporting the idea that Hh produced by the differentiating SGP cells is the attractive signal, we present evidence indicating that components of the hh pathway which function in the reception of the hh signal are needed in the germline for proper migration.
Results

hh-lacZ Is Transcribed in SGP Cells
Previous studies have implicated hh in the specification of the SGP cells (Riechmann et al., 1998); however, while it is known that hh is expressed in the overlying ectoderm, it has not been established whether hh is also expressed in SGP cells themselves or in their neighboring mesodermal cells. To address this question, we immunostained embryos carrying a transgene in which faithfully mimics the endogenous hh gene, this finding indicates that hh is expressed in the SGPs. Note that ␤-galactosidase can also be detected at this stage in advantage of the UAS-Gal4 misexpression system Clift-negative mesodermal cells in parasegments ante-(Brand and Perrimon, 1993). rior to PS10. Based on their homologous position in the In the first experiment, we induced the expression mesoderm, these cells are likely to be fat body precurof Hh protein from the UAS-hh transgene in alternate sors. This is consistent with the finding that hh is resegments using a hairy-Gal4 driver and then examined quired not only for the formation of the somatic gonad the effects on germ cell migration. The UAS-hh transbut also for the specification of the fat body (Riechmann gene by itself has no effect on the migration behavior et al., l998). Ectopic expression of Hh protein in the CNS using an it would appear that the aberrant migration pattern seen in twist-GAL4/UAS-hh embryos is due to ectopic hh elav-Gal4 driver also induces aberrant migration patterns. In stage 13 wild-type or control UAS-hh transgene expression. Defects in germ cell migration are also observed in embryos (see Figure 2) , the germ cells are typically arranged in two elongated but tight clusters on either side older stage 14-15 twist-GAL4/UAS-hh embryos. In the examples shown in Figures 3B-3D , many of the germ of the ventral midline. While two clusters can usually be discerned in elav-GAL4/UAS-hh stage 13 embryos, cells are clustered near the very posterior of the embryo. If the ectopically expressed Hh is responsible for directing most of the cells in the clusters are not tightly associated with each other and some are dispersed at distant sites germ cell migration to the posterior, then the twist-GAL4 driver should be active in this region of the embryo. This in the posterior mesoderm (Figure 2 ). In addition, a subset of the germ cells are typically found near the ventral is the case. As can be seen from the ␤-galactosidase antibody staining pattern in Figure 3A , the twist-GAL4 midline in the region just underlying the CNS where expression of Hh from the elav-GAL4 driver is expected transgene drives high levels of UAS-LacZ expression at the posterior of stage 14-15 embryos. to be highest at this stage of development (see the germ cells in between the two clusters in the elav-GAL4/UASTo provide additional evidence that germ cells migrate toward ectopic sources of Hh, we used a second mesohh embryo in Figure 2 ). Perhaps because of differences in timing and/or tissue specificity, Hh expression didermal driver, 24B. As can be seen in the early stage 11 embryo shown in Figure 3E , 24B activates a UASrected by the elav-GAL4 driver does not noticeably perturb the early steps in migration when the germ cells In the former case, the severe segmentation defects in embryos lacking both maternal and zygotic ptc would be expected to disrupt germ cell migration independent body. As can be seen in Figure 5C smo Germline Clones. As in the ptc experiments, we mated females with smo germline clones to either smo/ϩ or wild-types males. In the former case, embryos lacking both maternal and zygotic smo were identified on the basis of their abnormal wg expression pattern (50% of total) and excluded from further analysis. The remaining embryos, which lack only maternally derived smo activity, exhibited germ cell migration phenotypes similar to those observed when smo Ϫ mothers were mated to wildtype fathers.
As expected from their antagonistic relationship, the effects of removing maternal smo are quite distinct from those observed when maternal ptc is removed. rectified and the number of smo matϪ germ cells that coalesce into the primitive embryonic gonad approaches that seen in wild-type. We presume that smo transcripin Figure 7 , germ cells lacking maternal pka exhibit mition in the germ cells is responsible for rescuing the gration and developmental defects similar to those seen migration defects seen at stages 12-13. in ptc mutants. The pka mϪ germ cells prematurely associDownstream Components of hh Pathway Are ate into clumps in stage11 embryos and then, at later also Involved in Germ Cell Migration stages, remain in these clumps in the center of the emThe results described in the previous sections implicate bryo instead of migrating bilaterally toward the SGPs. two cell-autonomous components of the hh signaling Moreover, like embryos produced from ptc mutant pathway in germ cell migration. To provide further evigermline clones, there is an increase in germ cell number dence that germ cells must receive and properly reindicative of a failure to maintain cell cycle arrest. fu spond to an hh signal in order to migrate toward and germline clones give germ cell migration defects equivamake appropriate contacts with SGP cells, we tested lent to those seen in the absence of maternal smo functwo genes, protein kinase A (pka) (Lane and Kalderon, tion: the fu mϪ germ cells migrate toward the SGPs, but 1995) and fused (fu) (Preatet al., 1990), which are downfail to properly associate with these soma cells and stream of ptc and smo, respectively. Like ptc, pka acts instead scatter through the posterior half of the embryo to antagonize the hh signal, and in pka mutants, the hh (not shown). It should be noted that pka and fu germline signaling pathway is inappropriately activated indepenclones differ from ptc and smo germ line clones in that dent of the ligand. However, ptc and pka mutants are somatic development is not fully rescued by a wild-type not precisely equivalent, and it is thought that there is paternal gene. Thus, even though the germ cell migration a parallel pathway for controlling the transmission of defects seen in pka mat-zygϩ and fu mat-zygϩ embryos closely the hh signal in the receiving cell that depends on fu resemble those found in ptc mat-zygϩ and smo mat-zygϩ emrather than pka. fu functions within the receiving cell bryos, respectively, it is possible that upsets in somatic in the transmission of the signal, and fu mutants have patterning also contribute to the problems seen in germ phenotypic effects resembling smo (reviewed in Ingham, cell migration.
1998; Johnson and Scott, 1998).
If germ cell migration depends on the reception and Discussion response to an hh signal, then removal of maternal pka activity should have phenotypic effects that are similar Previous studies have implicated both cell-autonomous to those seen in ptc mutants, while removal of maternal and nonautonomous factors in germ cell migration. Two fu activity should have phenotypic effects equivalent to those seen in smo mutants. This is the case. defects in the formation of the somatic gonad or in the wun encodes a Type 2 phosphatidic acid phosphapattern of Clift expression. These findings would support tase. The Wun protein is predicted to span the memthe view that the migration defects seen in ptc mat-zygϩ and brane 5 or 6 times and is most probably involved in smo mat-zygϩ embryos arise from cell-autonomous defisome aspect of lipid metabolism. In wun mutants, germ ciencies in the response to Hh by the germ cells. Howcells initially remain within the gut instead of migrating ever, it should be pointed out that there could be some through the gut to the mesoderm. At later stages, the undetected nonautonomous problem in somatic hh siggerm cells move at random, associating with mesodernaling in these embryos that induces abnormalities in mal cells throughout much of the posterior half of the germ cell behavior. embryo. When wun is ectopically expressed in the As would be expected from the known properties of mesoderm, it appears to block germ cell migration, and these four genes in other well characterized hh pathmost germ cells remain in the yolk. These findings, toways, the phenotypes produced by ptc and pka germline gether with its dynamic expression pattern in the endoclones are similar and quite distinct from those observed derm and mesoderm, have led to the suggestion that for smo and fu. Moreover, the migration defects obwun is required for the production/activity of a repulsive served in ptc/pka and smo/fu germline clones can be signal which directs germ cells away from somatic cells explained by the antagonistic role of these genes in the that express Wun protein (Zhang et al., 1997) ., 2000) . In the case of smo these signals guide germ cell migration. We show here and fu, the germ cells can't respond to the Hh ligand, that the hh signaling pathway plays a critical role in the and they are unable to detect or associate with the migration process. While previous studies have impli-SGP cells, and instead migrate randomly through the cated hh in the formation of the somatic gonad and mesoderm. shown that germ cell migration is severely disrupted in While these results indicate that maternally derived hh mutant embryos, it was thought that the migration components of the hh pathway are important for germ defects were a consequence of the misspecification of cell migration, it should be noted that, since eggs from SGP cells (Moore et al., 1998b) . Though this supposition germline ptc and smo clones fertilized by wild-type sperm develop into fertile adults, at least some of the is clearly correct, our results suggest that the Hh protein germ cells must associate with SGP cells and form a potential sources of Hh protein in the embryo. In the functional gonad. This could mean that the hh pathway ectoderm, Hh is expressed in a stripe pattern in each is important but not essential because there is some parasegment (Heemskerk and Dinardo, 1994), while in other, partially redundant, signaling pathway that can the mesoderm, our data suggests that it is expressed direct germ cell migration. While we can't rule out this not only in SGP cells, but also in the fat body precursor possibility, we favor the idea that the maternal hh signalcells. If Hh protein emanating from these different ing defect in some of the germ cells can be rescued by sources is able to reach the germ cells at any point in the paternal wild-type copy of the signaling gene as it their migration toward the SGP, the germ cells could be is in all of the somatic cells of these embryos. Consistent diverted toward inappropriate targets. In this case, one with this idea, transcription in germ cells is thought to would have to suppose that some other signal, superimcommence around the time they start to exit the gut posed upon the Hh signal, is required to attract germ (Kobayashi et al., 1996) . Since defects in migration first cells to the SGPs, and prevent them from being directed become evident shortly thereafter, we would suggest toward extraneous sources of Hh. that rescue is incomplete because there is not quite It is also 
Experimental Procedures
The idea that Hh functions as a long distance signal for germ cell migration poses a number of problems.
Strains and Culturing
One is the question of specificity. Is the combination of 
